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Abstract 
This paper presents development of a smart multiple mass resonator array (MMR) sensor based on a coupled resonator for the electronic 
nose application. The change of mass of each micro mass balance resonator is determined by measuring the eigenfrequencies of the 
coupled array using a single input and output electrode. To verify the uniqueness of each resonator, the changes in the eigenfrequencies of 
the coupled resonators must be distinctive and the structure eigenvectors are stable against resonator mass change. This paper highlights 
the sensor design concept, finite element analysis (FEA), lumped mass analysis, the sensor response measurement, and sensor mass 
change pattern analysis using Inverse Eigenvalue analysis.  The FEA and the lumped mass analysis of the staggered coupled resonators 
produce the unique frequency response pattern for the sensor fingerprint with stable eigenvectors.  Hence the overall mass change pattern 
of the sensor is well estimated. 
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1. Introduction 
 Development in electronic nose (e-nose) technology enables the detecting of simple odour or distinguishes different 
types of odors in the form of liquid or vapors. Industries like food [1, 2], beverage and health care industries deploy e-nose 
because it provides consistent, low cost, and rapid sensory information for long term applications compared to the human 
biological nose [3, 4]. Common electronic nose architecture is shown in Fig.1 [5]. When the series of sensors with active 
chemical [6, 7] material is exposed to specific odors, the chemical input will be converted into an electrical signal, Vij(t), 
then  digitized  to a digital signal, Xj by an analogue to digital convertor. The pattern-recognition (PARC) of such system 
requires unique mathematical modeling [8] in order to integrate the standalone output [9] of n series of sensors from the 
array of processor, which complicates the e-nose system.  Sensitivity and reliability of e-nose could be achieved by 
increasing the number of sensors in array [10, 11, 12, 13, 14]. However, it increases the complexity and cost of the sensing 
system. Therefore, a new type of chemical sensor based on a coupled resonator array has been developed. The fingerprint of 
the mechanically coupled micro mass balances sensor structure is determined by measuring eigenfrequencies of the coupled 
array with a single input and readout.  Hence, it reduces the complexity of the sensing and PARC system. 
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Fig.1 Architecture of Electronic Nose (E-nose) System [5] 
 
 
 
 
 
 
Fig.2 A Simplified Architecture of E-nose System based on Micro Coupled Resonator 
 
2. MMR Design Considerations  
2.1 Multiple Mass Resonator (MMR) Sensor  
 
The MMR [15, 16, 17] consists of 3 structural elements, (i) integrated comb-drive resonator sensor, (ii) mechanical 
coupling spring, and (iii) comb-drive actuators (Fig. 3). The structure requires an input voltage, Vin to drive the structure 
electrostatically. A difference in voltage between the stationary and movable drive comb generates an electrostatic force to 
excite and vibrate the movable driven comb and the structure coupled to it. The movement of the movable readout comb 
generates a current (i out) at the stationary readout comb due to the fluctuation of the capacitance between the two readout 
combs. The (i out) is converted to a voltage by using a transimpedance amplifier which then required to be amplified before 
it is measured.  
 
2.2  MMR  Output Signal 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3  The schematic of the 5 coupled Multiple Mass Resonator (R) 
 
It is important for the MMR to have a unique frequency response pattern as a finger-print to represent each single or 
multiple resonator sensors. The MMR was designed to selectively absorb a particular mass; so the signature can be used to 
associate the mass and the resonators which absorb the mass. Hence, the identity of the mass can be traced. The frequency 
response pattern of the coupled resonators depends on the modal eigenfrequencies of the structure. These eigenfrequencies 
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correspond to the eigenmodes of the coupled resonators. The MMR structure must be designed such that no unwanted 
coupling modes between the main wanted modes. The fundamental frequency of each element connected to the resonator 
(i.e. the mechanical coupling spring) must be designed to be outside the range of the main eigenfrequencies of the MMR. 
The unwanted coupling modes may decouple the synchronization of the structure movement. In turn, it may reduce the 
sensitivity of sensor response and the measurability of the main response pattern of the sensor structure. 
 
2.3 Design Considerations  
 
In order to reduce any possibility of energy losses (for high Q-resonator), the integrated comb-drive based on a fixed-
fixed beam with a lateral prime mode vibration was chosen as the resonator element of the MMR. The fixed-fixed beam is 
more sensitive to a mass change compared to a bridge or cantilever beam resonators [18].  Fig. 4 illustrates a schematic of 
the top view layout of the basic fixed-fixed beam resonator and its geometrical design parameters. The final geometrical 
design parameters was confirmed by examining how the geometrical design parameters may affect the natural frequency, 
effective mass and effective stiffness of the resonator using numerical or finite element analyses (FEA). 
 
 
 
 
 
 
 
 
Fig. 4 Schematic of a fixed-fixed beam resonator (top view) 
 
The natural frequency, ωn  of the beam was determined by [19, 20] : 
 
 
eff
b
n m
k Z                     (1) 
Where, kb is effective resonator stiffness and meff is an effective mass of the resonator. The effective stiffness of the 
resonator, kb was estimated as follows:- 
 
eff
b L
EIk
3
192 ;   
12
3hbI  ;  and   Leff  = L - Ls ;                                                           (2) 
 
Where E, Young’s Modulus of the beam material (Silicon = 170x109 [Pa]); and I, Second moment of area of the fixed-fixed 
beam; and h, thickness of the beam. The effective mass of the resonator, meff, was determined using the Rayleigh – Ritz 
method. The static deflection curve is often used to approximate the dynamic deflection for the fundamental mode: 
 bceff mmm 35
13                                                                                                                           (3) 
Where mc, a concentrated mass at the midspan of the beam (mc= bs*Ls*h*ρsilicon); and mb, mass of beam of the resonator 
(mb= b* L*h *ρsilicon); ρsilicon = 2329 kg/m3. 
 
3. Modelling, FEA Analysis and Lumped Mass Analysis 
The finite element analysis (FEA) was used to model and analyze the structure performance. The modelling was 
performed using COMSOL Multiphysics Software to determine the performance parameter of the resonator including the 
natural frequency, eigenmodes, the effective stiffness and mass, and frequency response of the MMR.  The lumped mass 
model was used to analyze the uniqueness of the frequency response pattern and stability of system eigenvectors.  This 
paper highlights and compares the performance of two types of MMR; the constant mass coupled resonators and staggered 
coupled resonators. 
 
3.1  Eigenfrequency, Eigenmode, Effective Mass and Stiffness of Resonators 
 
To determine the fundamental frequency and the eigenmodes of the structure, an eigenfrequency analysis was 
Ls 
bs b 
x 
y Movement direction 
L/2 L/2 
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performed in the Plane Stress application mode of the COMSOL FEA using the eigenfrequency solver [17].  Table 1 lists 
the fundamental frequency of the analysed MMR structure.  
Table 1  the eigenfrequency of the single integrated comb-drive resonator and fundamental modal frequencies of the two 
designed MMR analysed using the FEA  
Frequency of Single R [Hz] Modal Eigenfrequencies [Hz] of the MMR 
5 Constant Mass MMR 5 Staggered MMR 
12857.3 fM1 = 12543.5 (mode 1) fM1 = 12574.8 (mode 1) 
fM2 = 12651.4 fM2 = 12725.6 
fM3 = 12792.2 fM3  = 12874.5 
fM4 = 12922.6 fM4 = 13032.2 
fM5 = 13009.5 fM5 = 13076.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 (a) Example of mode 1, eigenmodes analysis of the 5 Constant Mass MMR ; (b) Example of mode 1, eigenmodes 
analyses of 5 Staggered MMR  
Table 2  (a) the relative displacement of the resonators (note: associated to different colour shown on a scale bar, as 
exemplified in Fig. 5) from the eigenmode analysis of 5 Constant Mass MMR ; (b) the relative displacement of the 
resonators from the eigenmode analysis of 5 Staggered MMR 
 (a) Mode 1 
 
Mode 2 
 
Mode 3 
 
Mode 4 
 
Mode 5 
 
 (b) Mode 1 
 
Mode 2 
 
Mode 3 
 
Mode 4 
 
Mode 5 
 
R1 +0.81 +1.48 +1.86 -1.76 +1.09  R1 +0.52 +1.32 +1.82 -1.96 +1.25 
R2 +1.63 +1.74 +0.21 +1.47 -1.58  R2 +1.39 +1.99 +0.69 +1.50 -1.36 
R3 +1.94 0 -1.88 0 +1.76  R3 +2.19 +0.25 -2.01 -0.34 +1.23 
R4 +1.63 -1.74 +0.21 -1.47 -1.58  R4 +1.77 -1.91 +0.98 -0.83 -1.43 
R5 +0.81 -1.48 +1.86 +1.76 +1.09  R5 +0.58 -1.03 +1.36 +1.95 +1.92 
 
The analyses of the two MMR produced synchronized movements either in-phase or out of phase for the 5 eigenmodes of 
the structure (i.e. no standalone resonator; as exemplified in Fig. 5 for the first mode of the two MMR).  From the 
eigenmodes analyses (Table 2(a) and 2(b)) the relative displacements of the resonators are expected to be measurable.  The 
staggered MMR highlighted unique eigenmodes for all 5 resonators (Table 2(b)) with significant differences in the relative 
displacement of the resonators.  While as for the constant mass MRR, the first half of the structure eigenmodes mirrored the 
second half of the coupled structure.  Therefore, the uniqueness of the resonator is referred only to the half of the coupled 
structure. 
The effective mass of the resonator (m) was calculated based on the resonant frequency of each uncoupled structure (ωn2= k 
/m ); where k is the effective stiffness of the structure element, and  ωn is the structure resonant frequency.   The stiffness of 
the structure is calculated by relating the static input force, F and static displacement of the structure analysis, δ; (k = F/δ). 
Table 3 highlights the effective mass and stiffness for the two MMR.  For the Staggered MMR, the structure symmetry of 
the constant mass coupled resonators were broke to improve the distinguishability of the frequency response pattern of the 
MMR. The mass of the coupled structures were modified by modifying the length of the anchor spring of the resonator.  To 
ensure effective structure movement for measurability of the output signal, the least stiff resonator was positioned in the 
middle of the coupled structure and the stiffer resonator at the end of the structure array. 
 
(b) 
 
 
  
(a) 
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Table 3  Effective mass and stiffness of the MMR structure elements evaluated using COMSOL FEA (Note: the two MMR 
were coupled with 4 constant coupling spring; kcsp1= kcsp2= kcsp3= kcsp4= 0.2495 N/m and effective mass, mcsp = 4.116 x 10-
12kg) 
Designed Parameter Single resonator 5 Constant Mass MMR 5 Staggered MMR 
Resonator stiffness 
[N/m] 
19.9796 kR1 = 19.9796 
kR2 = 19.9796 
kR3 = 19.9796 
kR4 = 19.9796 
kR5 = 19.9796 
kR1 = 20.3029 
kR2 = 20.1807 
kR3 = 19.9796 
kR4 = 20.0109 
kR5 = 20.4824 
Resonator mass, m 
[nanokg] 
3.0615  mR1 = 3.0615 
mR2 = 3.0615 mR3 = 3.0615 
mR4 = 3.0615 mR5 = 3.0615 
mR1 = 3.0590 
mR2 = 3.0596  
mR3 = 3.0615 
mR4 = 3.0607 
mR5 = 3.0575 
 
3.2  Frequency Response of Unperturbed MMR 
 
The analysis was done in a Plane Stress application mode using a parametric solver [15, 16, 17]. The excitation force 
was fixed (e.g. F= 1x10-6 N) to drive the coupled resonator and swept through the excitation frequency (i.e. the range of 
modal frequencies of the structure, fM1-fM5 = 12300-13100); the software then solves for the frequency response of the 
structure. Refer to Section 6 for the analysis result.  
 
3.3  Lumped Mass Analysis 
 
The equation of motion for lightly damped coupled resonators is as follows: 
)()( 1111 tFxkxkkkxkxcxm nnnnnnnnnnnn cccc                (4) 
 
Where, m: mass of the resonator, c: damping parameter, k: stiffness of the resonator, kc: stiffness of the mechanical 
coupling, F(t): force used to drive the structure and xn is the displacement of the resonator. To simplify the equations of 
motion of the MMR (with negligible damping) in the form of the matrix eigenvalue problem: 
 
(ω )2   [X]     =    [M-1] [K] [X]                      (5) 
 
Where, ω  is the eigenvalue or natural frequency of the system, [X] is a displacement matrix of the 5 degrees of freedom of 
the MMR, [M] is the mass matrix and [K] is the stiffness matrix of the structure.  To solve for the eigenvalue and 
eigenvectors of the designed MMR the value of k, kc, and m (Table 3) were substituted in the Equation (5).  The analysis 
was repeated to determine the overall frequency response of the coupled structure, by applying an excitation force F(t) on 
the structure array (i.e. at R1, F1(t) = 1 x 10-6 [N]). From Equation (4) and (5) the response of the resonators were computed 
as follows: 
[X]= [F] [(K – M (ω) 2)] -1                       (6) 
 
Where, [F] is the driving force matrix.  
To examine and confirm the uniqueness of output signals, and the stability of system eigenvectors of the structure, analyses 
were done by adding a mass of 1 x 10-13kg to the single resonators separately for the two MMR.   Fig. 6 compares the 
stability eigenvectors of the unperturbed and perturbed structure for both MMR. The perturbed eigenvectors for the 
staggered MMR are always stable compared to the unperturbed eigenvectors, due to the designed staggered mass and 
stiffness of the coupled resonators. 
 
 
 
 
 
 
 
 
 
 
Fig. 6 (a)  Stability of eigenvectors analysis result between unperturbed and perturbed Constant mass MMR; (b) Stability of 
eigenvectors analysis result between unperturbed and perturbed Staggered MMR  
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4.  Frequency Response Measurement  
The electronic testing setup for the frequency response measurement was developed based on a single input and 
output electrode. The system includes vacuum chamber system, signal processing board, frequency generator, interfacing 
element (connector block) and personal computer which equipped with data acquisition system (DAQ), and Lab View 
Software as shown in Fig. 7. The output signal of the MMR sensor, iout  was converted to the useful voltage using the 
transimpedance amplifier and further voltage amplification using instrumentation amplifier (for signal processing board). 
For further analysis two fabricated chips which contain constant mass MMR and staggered MMR were randomly selected 
and prepared for the frequency response measurement. 
 
                                                                                                                                                        
 
 
Fig. 7  (a) Schematic diagram of frequency response measurement system; (b) Vacuum chamber fixed on the testing board 
 
5.  Inverse Eigen Value Analysis  and Mass Change Pattern of the Perturbed Resonator 
The change of the mass of the MMR may be simply identified by using an inverse eigenvalue analysis, which 
requires knowledge of the perturbed eigenvalues and perturbed eigenvectors [15].  Since the perturbed eigenvectors are 
complicated to measure, the unperturbed eigenvectors may be used in the estimation of the mass changes pattern of the 
MMR. To reduce errors in mass estimation, it is important to ensure that the eigenvectors are stable against mass changes.   
The eigenvectors of the unperturbed system were used to transform the mass and stiffness matrix into a generalized mass 
matrix [MG ] and generalized stiffness matrix [KG ]. 
 
 
M
K
G
G
i  Z2                         (7) 
 
Where,  the eigenfrequencies, ωi and the elements of the generalised mass,  KG and stiffness matrices, MG.  In this paper, an 
analysis is performed by adding a mass Δm using platinum mass deposition separately to resonator 1 (R1) and Resonator 5 
(Fig. 8); so to obtain a perturbed sets of eigenvalues.  Since the stiffness matrix is unchanged, the generalised mass matrix 
can be uniquely identified. With the new set of eigenvectors or if the unperturbed eigenvectors are sufficiently unchanged, 
the generalized mass matrix can be transformed back to the real mass matrix, to identify Δm. 
 
                                                                 
Fig. 8. SEM images: (a) The position of the platinum mass deposited on the comb drive resonator; (b) The enlarged view of 
the deposited mass (approximate size of 45μm length x 4μm width x 2μm thickness) 
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6.0 Result and Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Comparison :(a)  Frequency response of fabricated constant mass MMR (Chip6) and Simulated response using FEA;  
(b) Frequency response pattern of unperturbed and perturbed constant mass MMR (chip6); (c) Frequency response of 
fabricated staggered MMR (Chip11) and Simulated response using FEA; (d) Frequency response pattern of unperturbed and 
perturbed staggered MMR (Chip11); 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10  (a)  Mass change pattern of constant mss MMR (perturbed mass at R1);  (b)  Mass change pattern of staggered  
MMR (perturbed mass at R1); 
 
Considering the 5 constant mass MMR which was driven at R3 and readout at R5 (Chip6, Fig.9(a)); 3 resonant 
frequency peaks (mode 1, 3 and 5) were expected to be observed due to the constant and symmetrical designed mass of the 
resonators.  However, the measurement results of the structure on Chip6 (Fig.9(a)) showed 5 resonant peaks when the 
structure was driven at R3 and readout at R5.  The process variation has modified the mass and stiffness of the coupled 
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structures.  Hence, the structure is no longer symmetric.  Due to the variation effect the constant mass MMR produced 
unique frequency response pattern when a mass, Δm was added to the resonator 1 and  5 separately (Fig. 9 (b)). 
For staggered MMR (Fig. 9 (c)), the measured modal frequencies were much higher than the simulated response; the effect 
of change of the stiffness compared to the resonator mass is more significant due to the staggered anchor spring design.  
From Fig. 9 (d), the structure illustrates unique frequency response pattern when the R1 and R5 of the staggered MMR were 
perturbed separately. 
For the inverse eigenvalue analysis, as expected, the perturbed eigenvectors of the constant mass MMR (Fig. 10 (a)) are 
always unstable compared to the unperturbed designed structure.  Using the designed eigenvectors to estimate the mass 
change pattern of the resonators always cause errors; i.e. the estimated mass for R1 always mirror the estimated mass at R5 
when mass only perturbed at R1.  From Fig. 10 (b), the mass change pattern for the staggered MMR is well estimated using 
the inverse eigenalue analysis when the mass was added to the resonator 1. Hence, it proves that the perturbed eigenvectors 
are stable, so that the unperturbed eigenvectors were able to be used for mass change pattern estimation.  
7.0 Conclusion 
 This paper has proved the concept of multiple mass resonator sensor based on a coupled resonators to represent the 
standalone multiple sensors or large sensing system especially for the e-nose application. Having the integrated coupled 
sensors with single drive and readout helped to simplify the signal processing system, readout and pattern recognition 
engine (PARC) of the sensing system.  The simplified inverse eigenvalue analysis may be used to estimate the mass change 
pattern of the single or multiple sensors, provided that the perturbed eigenvectors are available or the unperturbed 
eigenvectors are stable to be used and comparable with the perturbed eigenvectors.  With constant mass MMR sensor, the 
perturbed eigenvectors are always incomparable to the unperturbed or designed eigenvectors.  Therefore, the use of inverse 
eigenvalue analysis to determine the mass change pattern of the resonator is unsuitable.  By breaking the structure symmetry 
and staggering the mass or stiffness of the coupled resonator, it helped to stabilize the eigenvectors and produce unique 
frequency response pattern for particular single or multiple sensor resonators. Hence, it is practical to use the inverse 
eigenvalue analysis to estimate the mass change pattern of the resonators. 
The process variation has naturally staggered the constant mass MMR to produce unique frequency response pattern for the 
coupled resonator sensors.  Since the process variation is in place, a technique to accurately calibrate the fabricated MMR 
and to extract a new set of the structure eigenvectors is required; knowing the new set of the fabricated MMR eigenvectors, 
the inverse eigenvalue analysis may be used to estimate the mass change pattern of the coupled resonator sensor.  This type 
of sensor structure requires a calibration before mass is perturbed on its resonator sensor to ensure accurate comparison of 
the sensor output signal before and after mass is perturbed on the structure.  It is important to further research the amount of 
the staggered mass or stiffness so that the sensors are insensitive to the effect of process variation; to stabilize the structure 
eigenvectors and for uniqueness of the MMR sensors fingerprint. 
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